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Enduring modification of synapses is central to long-
lasting neural circuit plasticity. Such adaptations in-
clude rapid posttranslational modification of existing
synaptic proteins over periods of minutes and per-
sisting changes in the abundance of synaptic pro-
teins over hours to days. Recently, ubiquitination and
protein degradation have emerged as additional mecha-
nisms for modifying the function and molecular compo-
sition of synapses. These recent findings raise intrigu-
ing questions as to how enduring changes at synapses
are accomplished in the face of robust, ongoing molec-
ular turnover.
The ubiquitin-proteasome system (UPS) is highly con-
served from yeast to man as the principal means of
targeting cytosolic proteins for degradation (Glickman
and Ciechanover, 2002). A sequential series of reac-
tions catalyzed by a ubiquitin activating enzyme (E1),
several ubiquitin conjugating enzymes (E2), and numer-
ous ubiquitin ligases (E3) transfers the 76 amino acid
polypeptide ubiquitin to lysine residues of target pro-
teins via a covalent isopeptide linkage. Addition of sin-
gle ubiquitin molecules (monoubiquitination) modifies
protein function and protein-protein interactions in a
manner similar to phosphorylation (Glickman and Cie-
chanover, 2002). Addition of ubiquitin in polymeric
chains (multiubiquitination) leads to recognition by the
multisubunit 26S proteasome and subsequent target
protein proteolysis and ubiquitin recycling (Figure 1).
Far from simply acting as a constitutive garbage dis-
posal, the UPS is tightly regulated in all cells to control
the ubiquitination and degradation of target proteins
with remarkable spatial and temporal precision (Glick-
man and Ciechanover, 2002). Substrate specificity in
the UPS arises principally through the large and diverse
set of ubiquitin ligases responsible for target protein
recognition. Major classes of E3 ubiquitin ligases are
the HECT, RING, PHD, and U box families, which to-
gether constitute several hundred distinct proteins en-
coded in mammalian genomes. The removal and re-
cycling of ubiquitin from ubiquitin-conjugated proteins
is controlled by a large family of deubiquitinating en-
zymes (DUBs) that, analogous to protein phospha-
tases, play an important role in the extent and duration
of target protein ubiquitination (Glickman and Ciechan-
over, 2002).
A role for the UPS in the brain was initially revealed
almost two decades ago when it was observed that
proteinaceous deposits associated with neurodegener-
ative diseases (e.g., Lewy bodies, Pick bodies, senile*Correspondence: ehlers@neuro.duke.eduplaques, and neurofibrillary tangles) were immunoposi-
tive for ubiquitin (Glickman and Ciechanover, 2002).
Since then, it has become clear that regulated ubiquiti-
nation and protein degradation control diverse aspects
of neuronal function and dysfunction. Here, we focus
our discussion on recent studies that reveal a rich rep-
ertoire of mechanisms for ubiquitin-dependent regula-
tion of the synapse.
Synapse Development
Genetic studies have implicated a balance between
ubiquitination and deubiquitination during synapse de-
velopment. Loss of function of the E3 ubiquitin ligase
highwire causes aberrant overgrowth of presynaptic
terminals in Drosophila motor neurons and is pheno-
copied by the gain of function of the deubiquitinating
enzyme fat facets (DiAntonio et al., 2001), suggesting
that active ubiquitination negatively regulates synapto-
genesis. Drosophila Highwire, the C. elegans homolog
RPM-1, and the mammalian proteins Phr1 and Pam
constitute a conserved family of proteins, all of which
influence synapse development (Burgess et al., 2004;
DiAntonio et al., 2001; Liao et al., 2004). Such Pam/
Highwire/RPM-1 (PHR) family proteins contain several
functional domains, including a guanine nucleotide ex-
change factor (GEF) domain and a RING H2 finger that
likely confers E3 ubiquitin ligase activity.
At synapses of C. elegans, two targets of RPM-1
have been identified. DLK-1, a dual leucine zipper-bear-
ing MAPKKK of the p38 pathway, is directly targeted
for ubiquitination by RPM-1 (Nakata et al., 2005), and
the receptor tyrosine kinase ALK is negatively regulated
by a complex containing RPM-1 and a novel F box pro-
tein, FSN-1 (Liao et al., 2004). Interestingly, the global
effects of RPM-1-compromised animals are varied,
showing a spectrum of under- and overdeveloped syn-
apses with some presynaptic varicosities possessing
several presynaptic densities within a single cluster of
synaptic vesicles, while others fail to differentiate or
have fewer vesicles (Liao et al., 2004). RPM-1 functions
in a Skp/Cul/F box (SCF) complex in which compo-
nents such as FSN-1 can be interchanged, altering en-
zyme specificity (Glickman and Ciechanover, 2002).
Given this observation, the various effects of RPM-1
loss of function may reflect synapse-specific assembly
of different SCF complexes or the presence of different
ubiquitination substrates.
Presynaptic Function and Neurotransmitter Release
The magnitude and timing of neurotransmitter release
is dependent on the dynamics of synaptic vesicle prim-
ing, fusion, and endocytosis. Components of the ma-
chinery facilitating these membrane events appear to
be highly regulated by the UPS through both mono-
and multiubiquitination (Figure 2). During depolariza-
tion, the total content of ubiquitin-conjugated proteins
in presynaptic terminals decreases within seconds after
depolarization (Chen et al., 2003). This effect is sensi-
tive to Ca2+ chelators and inhibitors of the Ca2+-depen-
dent phosphatase calcineurin (CaN), but only partially
sensitive to pharmacological inhibitors of the protea-
some. This suggests that many presynaptic ubiquitin-
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630Figure 1. The Ubiquitin Proteasome System
In an ATP-dependent reaction, ubiquitin (Ub) is activated by the E1
ubiquitin activating enzyme and conjugated to a target protein by
the sequential action of E2 ubiquitin conjugating enzymes and E3
ubiquitin ligases. The formation of multiubiquitin chains marks pro-
teins for degradation by the 26S proteasome, whereas the addition
of monoubiquitin modifies protein activity and trafficking through
the endocytic pathway. Ubiquitination is opposed by the activity of
deubiquitinating enzymes (DUBs), which cleave ubiquitin mole-
cules from proteins and also facilitate the recycling of free ubiq-
uitin monomers.Figure 2. UPS-Dependent Regulation of Synapse Function
The UPS regulates presynaptic function through multiubiquitination
(Multi-Ub) and proteasome degradation and through alteration of
protein activity and vesicle dynamics by monoubiquitination
(Mono-Ub). These effects include regulation of synapse develop-
ment and synapse size by the E3 ligase Highwire/RPM-1 and the
deubiquitinating enzyme (DUB) Fat facets/FAM, vesicle cycling by
Ca2+ and calcineurin-dependent enhancement of Fat facets/FAM
activity on the endocytosis-associated substrate epsin 1, and neu-
rotransmitter release through degradation of the vesicle priming
protein UNC-13 and the active zone-associated protein liprin-α.
Usp14, the gene responsible for the Ataxia phenotype in mice,
likely replenishes the cellular pool of free ubiquitin (Ub) during
ubiquitin recycling. Postsynaptically, the UPS alters protein compo-
sition at the postsynaptic density (PSD), often in an activity-depen-
dent manner. These effects include (1) glutamate receptor traffick-
ing and degradation by the Anaphase promoting complex (APC)
and SCFFbx2, (2) alteration of spine size by UPS-dependent degra-
dation of the actin-organizing protein SPAR, (3) molecular reorgani-
zation and plasticity through UPS-dependent degradation of the
scaffolding molecules Shank, AKAP79/150 (AKAP), and GKAP, (4)
Mdm2-dependent ubiquitination and degradation of PSD-95, and
(5) alterations in downstream signaling by SCFβTrCP-mediated deg-
radation of β-catenin and by altered coupling of NMDA receptors
to CREB and ERK. See text for details.conjugates are monoubiquitinated, and the loss of
ubiquitinated species results from Ca2+-dependent de-
ubiquitination rather than degradation (Chen et al.,
2003). Indeed, when De Camilli and colleagues used
RNA interference to reduce the expression of the mam-
malian fat facets homolog FAM, monoubiquitination of
the clathrin-associated protein epsin 1 persisted during
depolarization, altering the dynamics of vesicle fusion
and endocytosis (Chen et al., 2003). This is consistent
with a role for this mammalian DUB in the activity-
dependent deubiquitination of endocytic proteins in-
volved in synaptic vesicle recycling.
Further physiological evidence for deubiquitinating
enzymes in controlling synaptic transmission comes
from mouse genetic studies. The Ataxiamouse, a spon-
taneous mutant exhibiting severe tremors, is defective
in the ubiquitin-specific protease Usp14, which is the
mammalian homolog of the yeast deubiquitinating en-
zyme Ubp6 (Wilson et al., 2002). Usp14/Ubp6 is physi-
cally associated with the proteasome and is thought to
play a role in the recycling of ubiquitin from multiubiq-
uitinated proteins, thereby maintaining cellular levels of
free ubiquitin. Ataxia mice display a 53% decrease in
quantal content, decreased frequency but increased
amplitude of miniature end plate potentials at neuro-
muscular synapses, and defects in hippocampal short-
term synaptic plasticity but not long-term plasticity
(Wilson et al., 2002). Although the downstream molecu-
lar events are unclear, these characteristics are consis-
tent with presynaptic deficits and underscore the im-
portance for ubiquitin recycling and local changes in
ubiquitin concentration in regulating neurotransmitter
release.
Proteasome-dependent protein degradation can also
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tave profound effects on presynaptic function. At the
rosophila neuromuscular junction (NMJ), the level of
rosophila UNC-13 (DUNC-13), a critical vesicle prim-
ng protein, is significantly increased in presynaptic ter-
inals following pharmacological and genetic protea-
ome inhibition (Speese et al., 2003). The accumulation
f DUNC-13 correlates with a 50% increase in evoked
ynaptic currents but unaltered miniature postsynaptic
urrents (Speese et al., 2003). Altogether these results
ndicate that ubiquitination of presynaptic proteins al-
ers the efficacy of synaptic transmission by both tran-
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and by proteasome-dependent degradation of protein
machinery associated with vesicle dynamics.
Postsynaptic Remodeling and Plasticity
Within the postsynaptic compartment resides the post-
synaptic density (PSD), a proteinaceous matrix respon-
sible for the organization and array of neurotransmitter
receptors, scaffold proteins, and signaling enzymes.
Despite its inherent "density" and biochemical stability,
the molecular composition and structure of the PSD is
dynamically responsive to changes in neuronal activity.
At least parts of these changes are mediated by the
UPS (Figure 2). Detailed biochemical analysis has dem-
onstrated profound reciprocal differences in PSD com-
position following prolonged periods of increased or de-
creased neuronal activity. This difference is prevented by
proteasome inhibition (Ehlers, 2003) (Figure 3). Activity
blockade reduces the abundance of PSD-associated
ubiquitin conjugates by 50%, whereas elevating spon-
taneous activity enhances the ubiquitination of post-
synaptic proteins (Ehlers, 2003). While UPS-dependent,
activity-induced changes in the PSD control the abun-
dance of diverse PSD proteins, only a handful of PSD
proteins themselves have been found to undergo activ-
ity-dependent ubiquitination, including Shank, GKAP,
AKAP79/150, and PSD-95 (Colledge et al., 2003; Ehlers,
2003). Intriguingly, each of these postsynaptic targets
of ubiquitination is a multivalent scaffold protein capable
of complexing several postsynaptic proteins throughFigure 3. Activity-Dependent Coregulation of PSD Proteins by the
UPS
Quantified changes in PSD protein levels of cortical neurons follow-
ing an increase in activity induced by bicuculline in the absence
(A) and presence (B) of the proteasome inhibitor MG-132. Whereas
neurons exhibit characteristic coregulated changes in PSD compo-
sition following chronic elevation in activity (A), proteasomal inhibi-
tion by MG-132 prevents this coordinated regulation of PSD com-
ponents (B). Graphs based on results from Ehlers, 2003 (with
permission of Nature Publishing Group). PSD proteins as follows:
1, PKCγ; 2, CaMKIIβ; 3, CaMKIIα; 4, MyosinVa; 5, Homer; 6, PSD-
95; 7, mGluR1α; 8, NR2A; 9, PKA RIIβ; 10, PKA catalytic subunit;
11, PP1; 12, Spinophilin; 13, AKAP79/150; 14, GKAP/SAPAP; 15,
Shank; 16, SAP102; 17, NR2B; 18, NR1.multiple protein interaction motifs. Given that changes
in specific PSD components occur as coregulated
ensembles that accumulate or decline with similar ki-
netics and magnitudes (Ehlers, 2003), it is likely that
UPS-mediated turnover of a few "master organizing"
proteins regulates widespread changes at the PSD by
destabilizing distinct stoichiometric subsets of PSD
proteins.
Recent studies have begun to shed light on the ubiq-
uitin-dependent machinery responsible for postsynap-
tic remodeling. Complementary studies in Drosophila
and C. elegans have shown the anaphase promoting
complex (APC), a multisubunit ubiquitin ligase, to be a
negative regulator of synapse development, with APC
loss of function leading to synapse overgrowth and ab-
normally strong synaptic signaling (Juo and Kaplan,
2004; van Roessel et al., 2004). APC components exist
both pre- and postsynaptically (van Roessel et al.,
2004), and loss of APC activity leads to an increase in
the surface expression of postsynaptic glutamate re-
ceptors (Juo and Kaplan, 2004; van Roessel et al.,
2004). Using the conserved APC destruction box motif
(RxxLxxxxN) to identify putative substrates, Brand and
colleagues identified liprin-α/SYD2, a multimodular
scaffolding molecule previously identified for its role in
presynaptic terminal differentiation in C. elegans and in
postsynaptic membrane targeting of AMPA receptors
at mammalian excitatory synapses (van Roessel et al.,
2004). Liprin-α/SYD2 accumulates at synapses of APC
null flies and is ubiquitinated in vitro by the APC. Fur-
thermore, disruption of liprin-α in APC-compromised
animals phenotypically rescues aberrant synapse for-
mation and synaptic transmission (van Roessel et al.,
2004).
The APC is not the only ubiquitin ligase involved in
postsynaptic remodeling and accumulation of gluta-
mate receptors. LIN-23, the substrate binding F box
subunit of an SCF ubiquitin ligase, negatively regulates
the synaptic abundance of GLR-1 in the ventral nerve
cord of C. elegans (Dreier et al., 2005). LIN-23 has se-
quence similarity to the mammalian F box protein β-TrCP,
which recognizes β-catenin and targets it for ubiquiti-
nation and degradation, thereby attenuating Wnt signal-
ing. Consistent with a similar role for LIN-23, SCFLIN-23
regulates GLR-1 levels through the C. elegans β-cate-
nin homolog BAR-1, and not through direct ubiquitina-
tion of the GLR-1 receptor itself (Dreier et al., 2005).
In contrast, direct ubiquitination of the mammalian
NMDA receptor subunit NR1 is accomplished by Fbx2
(Kato et al., 2005), an F box protein that recognizes
high-mannose N-glycosylated proteins that are retro-
translocated from the endoplasmic reticulum to the
cytosol during endoplasmic reticulum-associated deg-
radation (ERAD). Fbx2 recognizes the extracellular
N-terminal domain of NR1, and this action of Fbx2 is
activity dependent (Kato et al., 2005). This suggests
that homeostatic control of synaptic NR1 involves re-
ceptor retrotranslocation and degradation by the ubiq-
uitin-proteasome ERAD pathway.
At mammalian excitatory synapses, the primary de-
terminant of synaptic strength is the abundance of
AMPA receptors, which undergo rapid endocytosis fol-
lowed by either recycling or degradation in response to
ligand binding, NMDA receptor activation, and during
Neuron
632long-term depression (Ehlers, 2000). The activity-depen-
dent endocytosis of AMPA receptors is sensitive to pro-
teasome inhibition (Colledge et al., 2003; Patrick et al.,
2003). Whereas in C. elegans, direct ubiquitination of
GLR-1 contributes to receptor accumulation (Burbea et
al., 2002), direct ubiquitination of mammalian AMPA re-
ceptors has not been observed. Rather, ubiquitination
of the postsynaptic scaffold PSD-95 has been shown
to occur through the Mdm2 E3 ligase following NMDA
receptor activation (Colledge et al. 2003). As it is well-
established that PSD-95 promotes the synaptic accu-
mulation of AMPA receptors, NMDA receptor-depen-
dent ubiquitination and loss of PSD-95 is an attractive
mechanism for destabilizing AMPA receptors during
synaptic depression. Ubiquitination of PSD-95 is not
detected in all circumstances where AMPA receptor en-
docytosis is observed (Bingol and Schuman, 2004), and
thus the details of this intriguing mechanism await fur-
ther study.
Spine Stability and Dynamics
Beyond localized changes at the postsynaptic density,
the UPS also mediates large-scale morphological changes
in dendritic spines (Figure 2). Pak and Sheng have iden-
tified serum-inducible kinase (SNK) and spine-associated
Rap GTPase activating protein (SPAR) as important com-
ponents mediating the maintenance and loss of den-
dritic spines (Pak and Sheng, 2003). SNK, also known
as polo-like kinase 2 (Plk2), is upregulated during syn-
aptic activity and phosphorylates SPAR, a postsynaptic
scaffolding molecule that binds both filamentous actin
and PSD-95. Phosphorylated SPAR is targeted for deg-
radation by the UPS, causing the codepletion of SPAR
and PSD-95 from spines and leading to spine dissipa-
tion, presumably through the dismantling of the PSD
and loss of actin stabilization (Pak and Sheng, 2003).
These findings suggest a model whereby SNK and
SPAR operate in a negative feedback circuit that mod-
erates synaptic input during magnified levels of activity.
Indeed, activity-based SNK induction is delayed, oc-
curring hours after the onset of activity.
Conclusions and Future Directions
Ubiquitination can act as a posttranslational modifica-
tion to rapidly alter protein function, and proteasome-
mediated degradation can produce long-lasting changes
in the molecular composition of synapses. In this re-
gard, ubiquitination and protein turnover possess all
the requisite qualities of more classically appreciated
mechanisms for synapse plasticity such as phosphory-
lation and local protein synthesis. We now know that
the UPS operates in both pre- and postsynaptic com-
partments and regulates diverse synaptic attributes,
including neurotransmitter release and synaptic vesicle
recycling in presynaptic terminals, and the dynamic
behavior of the PSD and dendritic spines postsynapti-
cally.
Many key questions remain. We possess very limited
knowledge about the ubiquitin-dependent machinery at
synapses and how such machinery differs as a function
of synapse type or functional state. To what extent can
individual components of multiprotein complexes at
synapses (e.g., the PSD) be removed without perturb-
ing the entire protein network? How is ubiquitination
coupled to proteasome targeting within the restricted
confines of small subcellular compartments or ex-
t
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Nended protein complexes? What are the molecular
echanisms by which activity-dependent signaling
athways promote or inhibit ubiquitination? Despite the
nderstandable emphasis on plasticity at synapses, it
s perhaps more notable that many features of syn-
pses endure for sustained periods of time and these
ustained properties persist despite a remarkable de-
ree of ongoing protein turnover. Put another way, our
emories persist even though none of the molecules
t our synapses are the same as those present a few
ours or days ago. Understanding the mechanisms for
table information storage at the molecular level in the
ace of protein turnover at the synapse poses an endur-
ng challenge for neuronal cell biology.
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